Abstract Purpose: In the current study, we examined the in vivo effects of AZD1152, a novel and specific inhibitor of Aurora kinase activity (with selectivity for Aurora B). Experimental Design: The pharmacodynamic effects and efficacy of AZD1152 were determined in a panel of human tumor xenograft models. AZD1152 was dosed via several parenteral (s.c. osmotic mini-pump, i.p., and i.v.) routes. Results: AZD1152 potently inhibited the growth of human colon, lung, and hematologic tumor xenografts (mean tumor growth inhibition range, 55% to z100%; P < 0.05) in immunodeficient mice. Detailed pharmacodynamic analysis in colorectal SW620 tumor-bearing athymic rats treated i.v. with AZD1152 revealed a temporal sequence of phenotypic events in tumors: transient suppression of histone H3 phosphorylation followed by accumulation of 4N DNA in cells (2.4-fold higher compared with controls) and then an increased proportion of polyploid cells (>4N DNA, 2.3-fold higher compared with controls). Histologic analysis showed aberrant cell division that was concurrent with an increase in apoptosis in AZD1152-treated tumors. Bone marrow analyses revealed transient myelosuppression with the drug that was fully reversible following cessation of AZD1152 treatment. Conclusions: These data suggest that selective targeting of Aurora B kinase may be a promising therapeutic approach for the treatment of a range of malignancies. In addition to the suppression of histone H3 phosphorylation, determination of tumor cell polyploidy and apoptosis may be useful biomarkers for this class of therapeutic agent. AZD1152 is currently in phase I trials.
The Aurora kinases play a critical role in mitosis and have been suggested as promising targets for cancer therapy due to their frequent overexpression in a variety of tumors (1) . Compared with more established inhibitors of cell division, such as the anti-tubulins (2), novel agents that target mitotic enzymes have the potential to provide similar efficacy but with fewer side effects. Mammalian cells possess three forms of Aurora kinase (Aurora A, Aurora B, and Aurora C) that exhibit different subcellular localizations and have distinct roles (3, 4) . However, it is still unclear which Aurora kinase represents the best target for anticancer therapy. Interestingly, inhibitors that target both Aurora A and Aurora B induce a failure in cell division and endoreduplication rather than a G 2 -M arrest, effects that are indicative of Aurora B rather than Aurora A inhibition (5) . Furthermore, it has been suggested that inhibition of Aurora B kinase overrides the effects of inhibition of Aurora A by abrogating the spindle checkpoint (6) .
Several small-molecule inhibitors of Aurora kinases have been developed as anticancer agents, some of which have progressed to early clinical evaluation (7) . ZM447439 (5), Hesperadin (8) , and VX-680 (MK-0457; ref. 9) were the first to be described and have similar potency versus Aurora A, Aurora B, and Aurora C (reviewed in ref. 7) . VX-680 also has activity versus Flt-3 and the imatinib-resistant T351I Bcr-Abl mutant kinase (10) . More recently, PHA-680632, a more potent inhibitor of Aurora A (IC 50 , 27 nmol/L) than Aurora B or Aurora C (IC 50 , 135 and 120 nmol/L, respectively), has been described, although the phenotypic effects induced in tumor cells by this compound (i.e., decreased phosphorylation of histone H3 on Ser 10 and polyploidy) are consistent with inhibition of Aurora B (11) .
AZD1152 is a dihydrogen phosphate prodrug of a pyrazoloquinazoline Aurora kinase inhibitor [AZD1152 -hydroxyquinazoline pyrazol anilide (HQPA)] and is converted rapidly to the active AZD1152-HQPA in plasma (12) . AZD1152-HQPA is a highly potent and selective inhibitor of Aurora B (K i , 0.36 nmol/L) compared with Aurora A (K i , 1,369 nmol/L) and has a high specificity versus a panel of 50 other kinases (13) . 4 Consistent with inhibition of Aurora B kinase, addition of AZD1152-HQPA to tumor cells in vitro induces chromosome misalignment, prevents cell division, and consequently reduces cell viability and induces apoptosis (13) . 4 The aim of the present study was to investigate the effects of AZD1152 administration in a panel of human tumor models in vivo. We show that AZD1152 (10-150 mg/kg/d, administered by s.c. osmotic mini-pump infusion over 48 h) induced timedependent pharmacodynamic changes in tumors that were consistent with inhibition of Aurora B kinase in vivo, which led to significant inhibition of tumor xenograft growth. These data show that AZD1152 has the potential for activity against multiple tumor types and support investigation of this novel agent in cancer patients.
Materials and Methods
Reagents. AZD1152-HQPA and its prodrug AZD1152 were both synthesized by AstraZeneca Pharmaceuticals (12) .
Cell lines. The human colorectal (SW620, Colo205, and HCT116), lung (A549 and Calu-6), and leukemia (HL-60) tumor cell lines were obtained from the American Type Culture Collection. Cells were maintained in vitro using L-15 (SW620) or RPMI 1640 (Colo205, HCT116, A549, Calu-6, and HL-60) culture medium (all media were from Sigma), supplemented with 10% heat-inactivated FCS (Life Technologies) and 1% glutamine (Sigma; except SW620). All cell cultures were maintained in 5% CO 2 at 37jC in a humidified incubator, with the exception of SW620, which were grown in the absence of CO 2 .
In vitro studies. Phospho-histone H3 (PhH3) suppression was determined by high-content image analysis screening. SW620 cells, seeded in 96-well plates, were incubated with AZD1152-HQPA for 24 h before being fixed in 3.7% formaldehyde for 30 min. Cells were then washed with PBS, permeabilized with 0.5% Triton X-100 (Sigma), and stained with rabbit anti-PhH3 (Ser 10 ) antibodies (1:100; Upstate Cell 4 Submitted for publication. Signaling Solutions) for 1 h at room temperature. After washing with PBS, cells were incubated with Alexa Fluor 488 goat anti-rabbit antibodies (1:200; Molecular Probes) and Hoechst stain (1:10,000; Molecular Probes) for 1 h at room temperature. Cellular levels of PhH3 were analyzed on the Array Scan II (Cellomics) using the Target Activation algorithm (Cellomics) to calculate the percentage of PhH3-positive cells. Individual IC 50 values were calculated in Origin (version 7.5; OriginLab) and the data were summarized using the geometric mean (i.e., the average of the logarithmic values converted back to a base 10 number).
In vivo studies. 3 and 0.5-1 cm 3 for mice and rats, respectively). AZD1152 was prepared in Tris buffer (pH 9) and administered either as a bolus injection (i.v. or i.p.) or as a continuous 48-h infusion via s.c. implanted osmotic mini-pumps (two 24-h pumps implanted sequentially; model 2001D, Durect Corp.) in accordance with the manufacturer's instructions. Tumors were measured up to three times weekly with calipers, tumor volumes were calculated, and the data were plotted using the geometric mean for each group versus time. Tumor volume and tumor growth inhibition were calculated as described previously (14) . Statistical analysis of any change in tumor volume was carried out using a Student's one-tailed t test (P value of <0.05 was considered to be statistically significant).
For pharmacodynamic time course studies, nude rats bearing established SW620 tumor xenografts received vehicle or AZD1152 (25 mg/kg/d) as a daily i.v. bolus dose for 4 consecutive days (days 1-4). At multiple time points after dosing (days 0, 5, 9, 12, 16, and 19), two subgroups (n = 3 per group) of either vehicle-or AZD1152-treated animals were humanely killed and tumor and normal proliferating tissues (including bone marrow) were excised and assessed for pharmacodynamic effects using flow cytometric, histologic, or immunohistochemical analysis.
Flow cytometry. For in vitro studies, SW620 cells in logarithmic growth phase were exposed to 50 nmol/L AZD1152-HQPA for 24 or 48 h and then fixed in 70% ethanol at À20jC overnight. Cells were rehydrated in PBS and resuspended in PBS containing 100 Ag/mL RNase (Sigma) and 10 Ag/mL propidium iodide (Sigma), and cellular DNA content was analyzed on a FACSCalibur flow cytometer (Becton Dickinson). A total of 15,000 cells were counted and phases of the cell cycle were assessed using CellQuest software (Becton Dickinson). For tumor samples, cell suspensions were prepared from the snap-frozen tumors using an automated tissue disaggregation system (Medimachine, BD Biosystems) and fixed in 80% ethanol for a minimum of 24 h. Once fixed, disaggregated tumors were prepared for DNA content and PhH3 analysis by flow cytometry following a previously described immunofluorescent staining protocol (15) using propidium iodide and the same commercially available antibodies [PhH3, rabbit polyclonal IgG (Upstate Biotechnology) and fluorescein-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch)].
Histology and immunohistochemistry. For histologic analyses, tumors and femurs were fixed in formalin for 24 to 48 h and then processed to paraffin wax blocks. Femurs were decalcified using 10% formic acid before being processed to paraffin blocks. Tissue sections (3-4 Am thick) were stained with H&E. For immunohistochemical studies, sections were stained with rabbit polyclonal antibodies directed against either PhH3 or cleaved caspase-3 (Cell Signaling Technology) followed by a one-step horseradish peroxidase-labeled polymer method (Envision; DakoCytomation). Sections were counterstained with Carazzi's hematoxylin. Analysis of immunostaining in tumor sections was done on a Zeiss KS400 image analysis system (version 3; Imaging Associates Ltd.) linked to a Leica DMRB microscope. The KS400 is a color space/morphologic image analyzer for which thresholds of hue, luminosity, and saturation were set relative to the brown chromagen used for the immunolocalization of cleaved caspase-3. Area of cleaved caspase-3 immunostaining was quantified using an in-house macro to calculate the average percentage area of brown staining per area of field of vision (six fields per evaluable tumor section; Â20 magnification).
Results
AZD1152-HQPA inhibits Aurora B kinase activity and prevents cell division. AZD1152-HQPA has been shown previously to be a highly potent inhibitor of Aurora kinase enzyme activity in vitro, with selectivity for Aurora B kinase (Aurora B-INCENP K i of 0.36 nmol/L) versus Aurora A (K i of 1,369 nmol/L) and Aurora C (Aurora C-INCENP K i of 17 nmol/L; ref. 13 ). 4 Consistent with Aurora B kinase inhibition, exposure of human SW620 colorectal tumor cells to AZD1152-HQPA resulted in a dose-dependent inhibition of histone H3 phosphorylation on Ser 10 ( Fig. 1A ) that led to an increase in polyploidy following a 48-h exposure (Fig. 1B) .
AZD1152 administration leads to inhibition of Aurora B kinase activity in vivo. Pharmacokinetic studies confirmed that AZD1152 was rapidly converted to the active drug AZD1152-HQPA in mouse and rat following systemic administration (data not shown). To determine whether AZD1152 administration leads to inhibition of Aurora B kinase activity in human tumor xenografts, we first examined PhH3 and DNA ploidy in SW620 colon tumors (established in nude mice) following s.c. infusion (by osmotic mini-pump) of AZD1152 (0.5-150 mg/kg) or vehicle over 48 h. Flow cytometric analysis of disaggregated tumor xenografts showed that the proportion of PhH3-positive cells within the G 2 -M phase of the cell cycle was markedly reduced in AZD1152-treated animals compared with those receiving vehicle (AZD1152 at 70 mg/kg/d; Fig. 2A ). Significant suppression of PhH3 was evident following 48-h administration of AZD1152, at doses as low as 0.5 mg/kg/d (52% inhibition). This inhibition increased further with 2.5 mg/kg/d AZD1152 (to 69%), whereas doses of 10 to 150 mg/kg/d resulted in between 77% and 86% inhibition (Fig. 2C) . NOTE: Human tumor xenografts were established in the flank of male Swiss athymic mice (8-12 wks of age). Mice were randomized into treatment groups when tumors reached a mean volume of 0.2 to 0.5 cm 3 and then treated with a continuous infusion of AZD1152 or vehicle (0.3 mol/L Tris buffer) via a s.c. implanted mini-pump or as a once-daily i.p or i.v bolus. Percentage tumor growth inhibition was calculated as the difference between the change in control and AZD1152-treated tumor volumes during and following the treatment period. Statistical significance was calculated using a one-tailed t test. P value of <0.05 was considered to be statistically significant. *P < 0.0005. c P < 0.005. b P < 0.05. Fig. 2D and E, respectively). These data indicate that the mechanism of action of AZD1152 in vivo recapitulates that observed with AZD1152-HQPA in vitro (13). 4 AZD1152 inhibits the growth of human tumor xenografts. AZD1152 (10-150 mg/kg/d; s.c. mini-pump infusion over 48 h) exerted potent, dose-dependent inhibition of growth in s.c. implanted human colorectal (SW620, HCT116, and Colo205), lung (A549 and Calu-6), and hematologic (HL-60) tumor xenografts in immunodeficient mice. The inhibition of tumor growth in individual models ranged from 55% to z100% (all P < 0.05; Fig. 3A-D; Table 1 ). HL-60 tumor xenografts were the most responsive to AZD1152, with complete tumor regression (i.e., no measurable tumors) at the end of the study in 8 of 11 animals (Fig. 3D ). Significant antitumor activity was also observed when AZD1152 was dosed episodically to mice using other parenteral routes (i.e., i.v. or i.p. bolus injections). For example, three consecutive daily bolus i.v. injections of AZD1152 (25 mg/kg/d) in SW620-bearing mice led to a maximal tumor volume inhibition of 91% (P < 0.0005; Table 1 ).
Temporal pharmacodynamic analysis of AZD1152-sensitive tumors. To analyze the molecular and cellular events that lead to tumor growth inhibition in xenograft models, we established an episodic AZD1152 dosing schedule (25 mg/kg i.v. bolus once daily from days 1 to 4) in nude rats bearing established SW620 tumor xenografts. Treatment with AZD1152 resulted in significant tumor growth inhibition that was maximal (93%) at 8 days after the final dose (Fig. 4A) . Flow cytometry revealed that PhH3 was suppressed by f40% to 50% during the dosing period (days 1-4), with levels returning to baseline by day 9. There was also a transient increase in the proportion of both 4N (30% in vehicle versus 60% in AZD1152 treated) and polyploid (z8N; 23% in vehicle versus 67% in AZD1152 treated) tumor cells, which peaked between days 1 to 5 (Fig. 4B) .
Histologic assessment of tumor cells obtained from vehicletreated animals on day 5 (24 h after the final dose) displayed relative uniformity in cell size and morphology (Fig. 5A) . In contrast, tumors from AZD1152-treated rats exhibited a high degree of pleomorphism and displayed morphologic characteristics that were indicative of apoptosis. Consistent with a failure of cell division, tumor cells from AZD1152-treated rats were larger than those from control animals receiving vehicle alone. Furthermore, even larger multinucleated tumor cells were evident by day 9 (5 days after the final dose of AZD1152). Staining and quantification of tumor samples for the apoptotic marker cleaved caspase-3 showed elevated levels following AZD1152 treatment compared with controls, particularly in the markedly enlarged cells observed at day 9 ( Fig. 5B and D) . This suggests that apoptosis is the final fate of cells exposed to AZD1152-HQPA during cell division (Fig. 5E) .
Bone marrow tissue was used to study the effects of AZD1152 administration on a normal rapidly cycling cellular compartment. The bone marrow micrographs from vehicle-treated rats (day 5) were densely populated with hematopoietic cells and exhibited a normal histologic appearance (Fig. 5C ). In comparison, the bone marrow micrographs from rats receiving AZD1152 and sampled on day 5 displayed signs of atrophy, with a marked reduction in total cellular content (Fig. 5C) . However, the bone marrow had recovered markedly by day 9 (5 days after the last dose of AZD1152) and was repopulated with hematologic cells of a histologically normal appearance (Fig. 5C ). Flow cytometric analysis of bone marrow and peripheral whole blood cells from the same animal groups also indicated transient AZD1152-induced myelosuppression, with neutrophils being the most affected leukocyte population (data not shown). AZD1152 was otherwise well tolerated at doses where antitumor efficacy was observed; compared with vehicle-treated animals, AZD1152-treated athymic rats had a mean maximal body weight loss of 5%, 24 h following 4 days of treatment (25 mg/kg/d i.v. daily for four consecutive days), and regained body weight thereafter.
Discussion
AZD1152, a specific Aurora kinase inhibitor with selectivity for Aurora B kinase, is a dihydrogen phosphate prodrug that is highly soluble in simple pH-adjusted aqueous vehicles, making it suitable for parenteral dosing. In mouse and rat, AZD1152 undergoes rapid systemic conversion to the active drug AZD1152-HQPA, which has pharmacokinetic properties that cause dose-dependent plasma exposure (12) .
These data confirmed that AZD1152 was converted to the active drug AZD1152-HQPA in vivo and elicited pharmacodynamic effects consistent with inhibition of Aurora B kinase. We have shown that administering AZD1152 to animals bearing human tumor xenografts leads to an inhibition of histone H3 phosphorylation followed by a failure of tumor cell division, endoreduplication, and an induction of tumor cell death by apoptosis. Moreover, these findings are consistent with the observed effects of AZD1152-HQPA in vitro (13) 4 and are distinct from the phenotype associated with antimitotic/ anti-tubulin agents, such as paclitaxel (i.e., where cells usually arrest in mitosis; refs. 2, 16) .
Parenteral administration of AZD1152 resulted in profound antitumor effects in each of the colorectal, lung, and acute myeloid leukemia human tumor xenograft models examined. This antitumor response persisted for a considerable time after the end of dosing. Furthermore, in the HL-60 acute myeloid leukemia model, durable regressions were observed over a 20-day period, with no palpable tumors observed in 8 of 11 animals. The responsiveness of HL-60 xenografts to Aurora kinase inhibitors has also been reported in two independent studies using the mixed Aurora (Aurora A/Aurora B) inhibitors VX-680 and PHA-680632 (9, 11): VX-680 (75 mg/kg administered twice daily by i.p. injection for 13 days) inhibited HL-60 tumor growth by 98% and PHA-680632 (45 mg/kg administered twice daily by i.v. injection for 5 days) inhibited growth by 85%. The effect of administering AZD1152 via different dosing schedules was investigated further in nude mice bearing colorectal tumor xenografts. Significant antitumor activity was observed in tumors following dosing of AZD1152 either at high doses for short durations (i.v. or i.p. bolus injections) or at lower doses for longer durations using s.c. osmotic minipumps. This suggests that examination of different clinical schedules may be warranted either as a monotherapy or in combination with existing therapeutic modalities.
Analyses of tissue from AZD1152-treated tumors showed a sequence of molecular/cellular events following the inhibition of Aurora B activity that was consistent with a failure of cell division leading ultimately to apoptosis. Initial suppression of PhH3 was followed by a transient accumulation of 4N cells, with subsequent accumulation of polyploid cells. Histologic examination showed increased apoptosis in AZD1152-treated tumors compared with control, which reached a maximum over a time scale corresponding with the decline of polyploid cells observed by flow cytometry, and declined thereafter. These results support a mechanism by which induction of endoreduplication leads to polyploidy and eventual apoptosis. Previous studies investigating the effects of Aurora kinase inhibitors have proposed PhH3 as a surrogate marker of activity (9, 11 ). In the current study, PhH3 was found to be a sensitive and highly dynamic marker of Aurora kinase inhibition. The number of cells positive for PhH3 declined significantly after treatment across all AZD1152 concentrations tested and recovered rapidly after cessation of dosing. Interestingly, dosedependent suppression of PhH3 occurred across a lower concentration range than dose-dependent inhibition of tumor growth. This difference may reflect the involvement of Aurora kinase substrates other than histone H3 in mediating effects on cytokinesis. Indeed, although PhH3 is widely used as a marker for Aurora kinase inhibition, its biological relevance to cytokinesis is not clear. Other putative Aurora B kinase substrates involved in cytokinesis include vimentin, GFAP, desmin, MgcRacGAP, and motorprotein MKlp1 (17 -20) . Considering all of the above, the dynamics of PhH3 suppression may be more predictive of therapeutic outcome when examined in conjunction with downstream phenotypic markers, such as tumor cell polyploidy and apoptosis.
There are several limitations with the currently available drugs that act by targeting mitosis. For example, agents that bind tubulin are associated with peripheral neuropathy (21) . In this study, AZD1152 was well tolerated within the dose range required to elicit a potent and durable antitumor effect, with animals showing only transient loss of body weight. Bone marrow analyses revealed reversible myelosuppression in AZD1152-treated animals, with full recovery occurring within a week of cessation of dosing. Analysis of peripheral blood cells also indicated a reduction in WBC counts (mainly neutropenia) followed by full recovery. These findings suggest that intermittent dosing schedules at appropriate intervals can be used to repeatedly target tumor cells while allowing bone marrow to recover. One reason may be the difference in proliferative rates during hematopoiesis, with bone marrow stem cells and progenitor cells having relatively low frequency of division, compared with late-stage differentiating neutrophils (22) . This may explain the rapid reduction in absolute neutrophil counts that is followed by fast recovery of the bone marrow after withdrawal of AZD1152. Furthermore, normal cells may be less susceptible to the induction of polyploidy due to the presence of functional p53 (23) .
In conclusion, these data show that inhibition of Aurora B activity in vivo has profound effects on tumor growth and that AZD1152 has the potential for efficacy in multiple tumor types. Moreover, the pharmacodynamic and efficacy results indicate that the major effects of AZD1152-HQPA on tumor cells in vitro are recapitulated with AZD1152 in vivo. In addition, simultaneous tracking of time-dependent changes in PhH3, polyploidy, and apoptosis provided an important and useful insight into how the antitumor effects of AZD1152 are mediated. This may ultimately lead to a strategy for monitoring the biological consequences of Aurora B kinase inhibition in the clinic. AZD1152 is currently undergoing phase I clinical evaluation as a treatment for cancer.
